' INTRODUCTION
Relying on the same basic principles as solid fossil fuel combustion, the thermal conversion of biomass fuels can draw on the knowledge gained from centuries of heat and power production using this technology. However, replacing conventional fossil fuels with biomass introduces a range of obstacles that need to be overcome. The primary issue is related to severe deposit formation and subsequent active corrosion when firing with biomass fuel especially rich in K, Cl, and S. 1À13 Table 1 compares the elemental analysis of various solid fuels. Corn stover stands out with a high content of both Cl and K, especially compared to wood chips and coal. In addition, the corn stover contains moderate amounts of S, which all together makes the implementation of corn stover in full scale facilities difficult because of the potential corrosive, fouling, and aerosol forming effects due to inorganic release.
This work will primarily focus on the release characteristics of K, Cl, and S during the pyrolysis and combustion of Spanish corn stover. An estimated 28 million tons of corn stover with an approximate higher heating value of 18 MJ/kg are produced annually in Europe, making it abundant and relevant for energy exploitation. However, the high alkali and Cl contents have, so far, limited its use in medium to large scale power plants, and it is important to improve our knowledge of the transformation of critical ash forming elements.
Potassium Release Path. The release of K is complex, being closely related to the presence and transformation of especially Cl, Si, and S. Figure 1 summarizes the reaction paths and possible release mechanisms of K identified from a literature review conducted by the authors. The scheme is based on the work of van Lith, 3 who investigated the release of inorganic matter during the combustion of woody biomass. The mechanisms have been revised to describe the release pathway of K during the thermal treatment of annual biomass compiled from a review of the literature. K transformations may take place during both the devolatilization 1 and the char burnout stages, 1,14À16 primarily in the high temperature regime. Transformations between organic and inorganic K take place during the initial devolatilization, facilitating K release as the organic matrix is starting to decompose even at low temperatures. 14, 17 At higher temperatures, KCl sublimation and K-silicate or aluminosilicate reactions are dominant during both devolatilization and char burnout, depending on the availability of Si, Cl, and divalent cations: Ca and Mg. 14,16,18À20 The possible release pathways during the char burnout also include the high temperature dissociation of carbonates, sulfates, and silicates, mentioned in decreasing order of significance. 16, 21, 22 The primary alkali release to the gas phase has been found to begin at temperatures approaching 700°C, enabling KCl sublimation. 1À3,14,16,17,21,23,24 Only a limited release of K (<10 wt %) has been observed at temperatures below 600À700°C. 1, 16 The low temperature release of K is thought to be related to the thermal decomposition of the organic structure, 14 for example, during the decomposition of alkaline carboxylates at approximately 300°C or of phenol-associated K at around 400°C. 14 A slower release of K has, however, been observed during pyrolysis, a phenomena thought to be caused by a higher diffusional resistance due to the still intact organic matrix. 1 The net B dx.doi.org/10.1021/ef201098n |Energy Fuels XXXX, XXX, 000-000
Energy & Fuels ARTICLE release of K at low to moderate temperatures may also be influenced by intercalation to the existing organic matrix. 21, 25 Silicates and aluminosilicates have shown great affinity toward K, binding it in an inorganic structure retained in the ash. 14,16,18,21,26À29 Such retention reactions will only take effect toward the final stages of the char burnout, as the organic matrix collapses, bringing the Si and K into closer contact. 16, 18, 21 The retention of K is inhibited by intercalation of other cations, especially Ca, being present to a great extent in the cell walls of plant material. 30 In addition, data from equilibrium studies and controlled release experiments have contributed to an increased understanding of the stability and behavior of released species. 5, 21 Chlorine Release Path. The release of Cl-associated species during combustion is the main cause of the induced active corrosion in the grate combustion of biomass. 2, 5, 13 In addition, Cl is known to facilitate the release of K, causing fouling problems upon condensation. 31 Figure 2 summarizes pathways for Cl release during biomass combustion. The scheme is based on work conducted on release of inorganic matter from woody biomass, 3 and it was modified to include pathways relevant to the thermal conversion of annual Energy & Fuels ARTICLE biomass material. Cl release in the devolatilization stage takes place from both the organic and inorganic fraction of the Cl available in the fuel. 1, 14, 16, 21, 32 Chlorine release at low temperature in the form of tar associated Cl 33À37 or HCl 13, 14, 16, 21, 38 may possibly be recaptured in the char by secondary reactions with available metals. 1, 39 High temperature KCl sublimation takes place during both pyrolysis and combustion, 1 potentially rereleasing recaptured Cl. Hence, a high volatilization of Cl will be expected. All Cl species relevant in combustion chemistry are highly volatile. 1 The dominant Cl species found in biomass material is KCl, which remains stable in the solid phase until temperatures of approximately 700À800°C. This is confirmed by SEM-EDX (scanning electron microscopy-energy dispersive X-ray spectroscopy) studies 1, 3, 39 and supported by thermodynamic calculations, 5, 21 showing preferential bonding between Cl and K in the solid and gaseous phase. Hence, the release behavior and mechanisms of both K and Cl are highly dependent on the initial molar ratio between the two components. 16 Contrary to K, low temperature release of Cl is commonly reported in the literature. 31 At temperatures as low as 300À400°C, high levels (20À50%) of Cl release have been detected. 31 At these temperatures, the vapor pressure of KCl is negligible. However, because Cl initially is present as KCl, 40 it allows for ion-exchange reactions with functional groups in the organic matrix, such as 14
The release of Cl through reaction 1 is limited by the number of suitable functional groups in the organic matrix. At higher temperatures, alkali chlorides may react with the silica or alumina phases in the plant skeleton or in the external soil. SEM-EDX and thermodynamic modeling have shown how especially aluminosilicates are highly reactive toward the incorporation of alkali metals: 16, 21, 28, 29, 41 2NaClðg, lÞ þ H 2 OðgÞ þ xYðsÞ T Na 2 O 3 xYðs, lÞ þ 2HClðgÞ ð2Þ where Y(s) signifies either a pure silica phase, 19 a pure alumina phase, 19 or combinations hereof. 19, 20 At moderate temperatures, reaction 2 is kinetically limited, 19, 20 and the competition from alkali chloride evaporation at temperatures exceeding 700°C is significant. Hence, a two step release mechanism is observed for Cl: an initial low temperature release dominated by reaction 1, and a high temperature release primarily facilitated by the sublimation of alkali chlorides. 16, 24, 31 During char burnout, the organic structure disintegrates, bringing the silicates in the outer structure of the biomass 30 into closer contact with retained K and Ca, primarily hosted in the center matrix of an organic structure. 16, 18, 21 Metal-silicate or metal-aluminosilicate reactions may then enhance the release of Cl, as K prefers association with the ash phase over chlorides. 19, 20 Sulfur Release Path. S is a macronutrient for plants that is partly metabolized and partly used in its ionic form. The S is absorbed from the soil through the roots, typically in the form of sulfates; from the roots, it is transported up the stem of the plant. Upon reaching the leaves of the plant, a gradual reduction takes place, resulting in the incorporation of S into the organic structure of the plant via the transformation into the basic amino acids cysteine and methionine, from which plant protein is synthesized: 18 sulfate f sulfite f sulfide f cysteine f protein synthesis ð3Þ
The long migration of S, from uptake to reduction, results in a wide variety of S compounds in oxidation states ranging from (ÀII) to (+VI). Leaching experiments 40, 42 suggest that organically associated S makes up approximately 50 wt % of the total S content. Excess sulfate in the soil, such as overconsumption of fertilizer, is absorbed by the plant roots and either stored as sulfate esters or emitted as a reduced form, such as H 2 S. 30 This implies that great amounts of sulfates may be present in annual crops exposed to large amounts of fertilizer.
As a consequence of the division between organically and inorganically associated S, a two step release mechanism for S can be observed. The organically associated S is released at low temperatures, while inorganic S is retained in the ash until the combustion temperatures exceed approximately 900°C. 14, 16, 24 No studies have, to the authors' knowledge, experimentally determined the temperature for the onset of the S release. We presume it to take place around 200°C, as this agrees with the Energy & Fuels ARTICLE decomposition temperature of cystein (178°C) and methionine (183°C), the two main S-containing precursors for plant protein. 42 As seen in Figure 3 , the S transformations are complex and include both low and high temperature release, as well as secondary capture to the char bed. The main product of S release is SO 2 . Reduced species of S are dominant in the devolatilization stage, while S species in higher oxidation stages are more profound during the char burnout. 18 Thermodynamic equilibrium calculations have shown how only reduced forms of S may form stable compounds under the reducing conditions of the pyrolysis stage. 18 This suggests that it is possible for sulfatic S to transform through reductive decomposition by interactions with organic material. 43 The second release step occurs during the char burnout stage where S may be present in higher oxidation states. 18 Pathways include the evaporation of alkali sulfates at temperatures above 1000°C or the decomposition of sulfate, releasing SO 2 to the gas phase, while the cation is incorporated into the silicate melt.
The balance between organic and inorganic S species is important for the release behavior. The two types of S are primarily relevant in different temperature regions and, thereby, different stages in the combustion process. S released during the devolatilization can be recaptured into the fuel bed following secondary reactions with the char matrix. Subsequently it will be rereleased during the char burnout stage alongside the high temperature inorganic release of S compounds.
' EXPERIMENTAL SECTION
In the present work, the release characteristics of the inorganic matter have been investigated by thermal treatment and subsequent char or ash analysis of the corn stover residues in a laboratory sized rig, with temperature and flow control. The setup has been used in earlier work to characterize release behavior of woody and annual biomass, 1,3 and only a brief description is given here.
The reactor setup consists of a ceramic tube with an inner diameter of 50 mm placed horizontally in a dual zone electric oven directly connected to a neighboring water-cooled chamber for efficient quenching of the reacted samples.
The gas mixture in the primary air is controlled by individual mass flow controllers, regulating the flow of O 2 and N 2 for both the primary and secondary (burnout) air supply. The sample is introduced to the oven in a Pt/Au boat (110 Â 30 Â 18 mm) with a perforated lid on top to avoid particle entrainment.
The reaction progress is followed by a series of gas analyzers continuously monitoring the O 2 , CO, and CO 2 levels in the exhaust, with a standard deviation of (1.7%. A reaction stage is considered to be complete when the CO and CO 2 levels drop below 40 and 50 ppm, respectively, constituting the respective detection limits of the gas analyzers. During the experiments, CO and CO 2 concentrations reach values of 16 and 10 vol %.
A typical experiment (both pyrolysis and combustion) included approximately 2.6 g of corn stover, filling the sample boat without compressing the fuel bed. The sample boat was placed in the water cooled chamber connected directly to the reactor. After sealing the system, the setup was purged with 4 normal liter STP /min (NL/min) of N 2 through the primary air inlet. During all stages of the experiment, a flow of 2 NL/min 21 vol % O 2 in N 2 gas mixture was added through the secondary air inlet to fully oxidize any uncombusted volatiles. Insertion of the sample was carried out by pushing the sample boat with a metal rod. The insertion process was completed in less than 10 s and resulted in initial heating rates of 5À40°C/s, registered by the thermocouple positioned in the middle of the sample boat.
For pyrolysis experiments, the flow of 4 NL/min of N 2 was maintained through the primary inlet until the experiment was terminated. For the combustion experiments, devolatilization in N 2 was first achieved until devolatilization products were no longer detected in the flue gas. Hereafter, the O 2 level in the primary air was progressively increased, 2 f 5 f 10 f 21 vol % (maintaining a total primary flow of 4 NL/min), to minimize the temperature overshoot caused by the heat of reaction. In this way, only small fluctuations in the fuel bed temperature were observed (<20°C). However, it should be kept in mind that the temperature probe is not able to measure the surface temperature of the fuel itself.
After the complete reaction, the sample was retracted to the water cooled chamber and cooled to room temperature under constant N 2 purge before the reactor was opened and the sample weighted and stored. After weighing and ash collection, the sample vessel was rinsed with ultrapure water to collect any salts deposited in the vessel. The rinsing water was weighed and stored for later analysis. The rinsing water of a selected sample was analyzed for Ca, K, Na, Cl, and SO 4 , but only insignificant amounts were observed, and it was therefore decided to exclude them from the result processing.
The char and ash samples were analyzed by DONG Energy Power A/S at Enstedvaerket, Denmark. The contents of Ca, K, Mg, Na, P, and Si were prepared by pressure decomposition in acid and detected by inductively coupled plasma-optical emission spectroscopy (ICP-OES, standard: CEN/TS 15290, 2006), while S and Cl were detected by ion chromatography (IC, standard: CEN/TS 15289, 2006).
The corn stover fuel has been characterized according to Danish and European standards by ultimate and proximate analysis ( Table 1) . Energy & Fuels ARTICLE Preliminary analyses of the fuel at VTT, Finland, indicated a strongly varying ash content (up until ∼40 wt %). A low content of carbon suggests that a large fraction of the ash originates from soil gathered during harvesting. Thus, thorough sieving of the fuel on a 1 mm wire mesh was done to remove soil prior to analysis and experiments.
' RESULTS
The results section consists of three parts: (1) release experiments, (2) char and ash samples, and (3) thermodynamic equilibrium calculations. The release experiments yield data for the pyrolysis and combustion processes. On the basis of the elemental analysis of the char and ash samples, release profiles are constructed for K, Cl, and S.
Release Experiments. Potassium Release. The release of K during devolatilization and char burnout is presented on a relative basis in Figure 4 . Only low levels (5À10%) of K are released below 700°C. Under combustion conditions between 700 and 800°C, a significant increase in K release is observed. Under pyrolysis conditions, this high temperature release is shifted approximately 100°C toward higher temperatures.
The release of alkali metals and Cl is closely related, as will be explained in the following sections on the SEM-EDX and the equilibrium calculations. The comparison of the absolute release (cf. Figures 5 and 6 ) of K, Na, and Cl shows good correlation between the rates at which the cationic and anionic species are released during pyrolysis and combustion, respectively. The relatively low S release of the fuel ( Figure 6 ) indicates little release of alkali species through sulfatic species.
Chlorine Release. The relative release of Cl is presented in Figure 7 for both combustion and pyrolysis experiments. Around 50 wt % of the Cl is released at temperatures below 700°C, with an onset of release below 500°C, regardless of the combustion stage. Increasing the combustion temperature to 800°C results in complete dechlorination. Under pyrolysis conditions, complete dechlorination is shifted toward higher temperatures. The low temperature release of Cl agrees with similar observations in the literature. 31 The onset (700À800°C) of the high temperature release also corresponds to findings in the literature, 1, 3, 16, 24 quickly reaching complete dechlorination.
Sulfur Release. Significant differences in the observed release of S have been observed during pyrolysis and combustion, respectively (cf. Figure 8) . A low temperature release of approximately 60 wt % is observed at temperatures below 500°C, regardless of the combustion stage. Under pyrolysis conditions, no further release is observed as the reaction temperature is increased. At combustion conditions, an additional S release is seen around 900°C, increasing progressively until reaching complete desulfurization at 1150°C.
Char and Ash Samples. The present section, as well as the following section on thermodynamic equilibrium calculations, Energy & Fuels ARTICLE aims to support the findings and hypotheses presented on the basis of the release experiments. It includes investigations of the changes in the physical structure by SEM imaging combined with EDX. Figures 9 and 10 show pictures of selected samples, representing the full temperature range, after pyrolysis and combustion, respectively. No significant changes occur to the physical structure of the fuel during pyrolysis. After pyrolyzing at 1150°C, a slight collapse of the char bed is visible. The fraction of volatiles is found to increase linearly with the pyrolysis temperature, going from ∼72 wt % of volatile matter on a dry basis at 500°C (20 min) to almost 80 wt % at 1150°C (15 min). The proximate analysis yields a slightly lower fraction of volatile material than the sample from the experimental setup at corresponding temperatures. This is possibly due to soil contamination, as indicated by a slightly higher ash fraction.
Contrary to the devolatilized samples, the combusted samples undergo significant changes, detectable by the naked eye (cf. Figure 10) , as the reaction temperature is increased. The bed of ash gets denser as the reaction temperature is increased from 500 through 900°C; however, the overall fibrous structure is maintained. At 1150°C, the sample has completely agglomerated into large clusters of melted ash.
SEM images of the samples yield further insight into the changes in the char and ash morphology. Figures 11 and 12 illustrate the structural changes when increasing the devolatilization temperature from 500 (20 min) to 1150°C (15 min). At 500°C, the stemlike structure is easily recognizable with clearly defined channels. At 1150°C, some deterioration of the stem structure can be seen; however, cell walls are still found to be intact toward the center of the stem. These physical changes take place at elevated temperatures, that is, >800°C, as no significant differences in the structure have been observed by SEM imaging when increasing the reaction temperature from 500 to 800°C. The preservation of the plant skeleton shape implies a limited global chemical availability due to physical constraints, preventing elements of different locations to freely associate. As such, diffusional resistance can be expected to be of significance throughout the entire pyrolysis stage. SEM images of ash samples have likewise been obtained, showing significant structural changes as the combustion temperature is increased from 500 to 1150°C, in agreement with Figure 10 . At 500°C, stemlike structures may still be identified. Small clusters of KCl are observed by EDX analysis on the surface of these relatively large particles, in accordance with the low K Energy & Fuels ARTICLE release during pyrolysis and combustion; see Figure 4 . At 700°C, two types of particles are identified: a fibrous structure rich in Si with discrete particles of almost pure KCl and a more meltlike structure rich in Al and Si. This marks the transition from a rigid and porous structure to an ash melt. At 1150°C, most of the particles have agglomerated into large structures, as can be seen in Figure 10 . The surfaces of these agglomerates are smooth and closed, as illustrated in Figure 13 , consisting mainly of aluminosilicates. The surface is sprinkled with small grains, containing slightly higher levels of K and Ca than the background.
Thermodynamic Equilibrium Calculations. Global equilibrium calculations are useful to gain information on species stability and phase distribution. 1À3,5,21 The thermodynamic models used are based on the Gibbs free energy minimization of a predefined mass balance constrained system as function of temperature. The models rely on an assumption of complete accessibility, that is, ideal mixing, of all components; this is unlikely, considering the complexity of the system. Thus, the aim of the thermodynamic equilibrium calculations will be to qualitatively confirm trends rather than to quantify species and distributions.
The equilibrium calculations are carried out using the Fact-Sage (version 6.0) simulator. This program calculates the equilibrium composition fed with the molar composition of the fuel based in Table 1 , including only H, C, O, Si, N, K, Cl, Ca, Mg, Na, S, and P in order to reduce the number of possible species.
Reducing Conditions. The prediction of potentially stable phases of especially alkali and Cl-containing species during the reducing conditions of the devolatilization stage is of interest as a significant release of both alkali and halogen material may take place during the pyrolysis. 1, 13, 16, 21, 31, 14, 38 Figures 14 and 15 show the equilibrium distributions of K and Cl, respectively.
As expected, 40, 45, 46 a close association between K and Cl is favored across the total temperature range. Potentially 100% of the Cl is present in the form of solid KCl at temperatures below 600°C. The sublimation of KCl is predicted to be the dominate release mechanism for both K and Cl, in agreement with the negligible K release observed at low temperatures (cf. Figure 4) . The release of Cl as HCl is predicted to begin at lower temperatures than that for the evaporation of KCl. This corresponds Energy & Fuels ARTICLE well to earlier observations in the literature, 16, 31 reporting an early Cl release at temperatures below 300°C, too low to be caused by KCl evaporation. 47 Figure 14 , describing the K distribution, shows how the high temperature release of K in the form of KCl is equivalent to the available amount of total Cl in the feedstock fuel. The simulation indicates a high temperature release of elemental K to the gas phase. Such a release could occur through the following reaction: 16
The residual K is favored as part of a K-silicate melt at temperatures exceeding 800°C. This apparent K-retention effect will be discussed further later on. Additional simulations with increased Cl (in excess to K) result in complete devolatilization of K species, primarily in the form of KCl, as seen in Figure 16 . The Cl in excess to K is released in the form of HCl across the entire temperature range (400À1200°C) as seen in Figure 17 .
Common for all simulations under reducing conditions is that only reduced forms of S are stabilized, regardless of the phase. This is in good agreement with other equilibrium calculations performed on similar annual crops, 18 as well as the limited S release during pyrolysis, as observed in Figure 8 .
Oxidizing Conditions. Simulations under oxidizing conditions are carried out with a primary air supply equivalent to 6 vol % O 2 in the exhaust. It can be seen through comparison of Figures 14 and 18 how the introduction of O 2 during the combustion is predicted to shift the release of gaseous K toward more elevated temperatures, while increasing the fraction of K-silicate.
This behavior is also reflected in the Cl distribution simulation, see Figure 19 , where the contribution from the HCl formation is Energy & Fuels ARTICLE significant in order to compensate for the unavailability of K. The corresponding S simulations (Figure 20) indicate the stable phases of S under oxidizing conditions. The trend corresponds to the findings in the literature, suggesting a beginning decomposition of K 2 SO 4 at around 900À1000°C. 1 ' DISCUSSION Potassium Release. The release of K is found to take place primarily in connection to the sublimation of KCl at temperatures exceeding around 700°C. A low (5À10 wt %) release has been observed at temperatures below 700°C, where the vapor pressure of K salts is too low to make any significant contribution to the net release of K. The K released at low temperatures (<500°C) is thought to be organically associated as, for example, carboxylates or phenols, decomposing at around 300 and 400°C, respectively. 14 The same release pattern is seen for both the pyrolysis and the combustion stages, leading us to conclude that K primarily is released as the first reaction front passes through the dried out bed in a moving grate facility. The release data from the lab-scale experiments (cf. Figure 4 ) could indicate that the release of K requires higher temperatures (around 100°C) during the pyrolysis stage. Part of this phenomena could be explained by a higher effective reaction temperature during combustion due to the local heat generated from the combustion process, thus, increasing the vapor pressure and convective flux of KCl under combustion conditions. However, the delayed release could also be caused by a higher diffusional resistance during devolatilization, caused by the still intact organic matrix; see Figures 11 and 12. Finally, a lower residence time (15À20 min during pyrolysis versus 54À110 min during combustion) may contribute to the difference. Supporting the latter, Knudsen et al. 16 reported that longer reaction times lead to increases in K volatilization during pyrolysis.
The correlation between the absolute release of alkali material and Cl (see Figures 5 and 6 ) supports the thermodynamic equilibrium calculations, indicating that K primarily will associate with Cl, with an onset of sublimation at around 700°C (cf. Figures 14 and 18 ). The quantity of alkali material released seems to be limited by the Cl availability for salt formation, given that K originally is present in stoichiometric excess to Cl (cf. Table 2 ). The release of K will cease as the fuel, undergoing pyrolysis or combustion, reaches a state of complete dechlorination. This behavior is evident when considering the release profiles of K and Cl. High temperature release of K after complete dechlorination is thought to be governed by the thermal decomposition of carbonates, 16 leading to the release of K or KOH to the gas phase, depending on the partial pressure of water vapor in the reaction gas. However, for corn stover, the carbonate dissociation pathway is competing with the incorporation of K to a ceramic phase. As a supplier of excess Si, the external soil may play a role in the retention mechanism of K. However, this needs to be verified experimentally. It is expected that external soil only has limited influence on the plant associated elements due to physical constraints 30 and kinetic limitations at low temperatures. However, as K incorporation in the silicate phase is not relevant until temperatures exceeding 800°C, this could be explained by an advanced level of disintegration of the plant structure, as well as the introduction of melted phases, increasing diffusional transport significantly. Table 2 summarizes the molar ratios of key elements regarding the retention properties of the ash phase. The K/Si-ratio signifies an estimate of the alkali retention capacity, as the thermodynamic models show a significant leverage of Si-containing alkali species in the solid phase at elevated temperatures. The (Mg + Ca)/Si ratio indicates the significance of competing reactions for cationic incorporation to the silicate phase. The q ratio indicates the overall molar ratio between cation and anion forming elements, constructed under the assumptions that S is solely present as SO 4
2À
, P is assumed to be present in an equimolar mixture of H 2 PO 4 À and HPO 4 2À , and N is completely omitted, presuming the majority of the total quantity of N will be organically associated. 30 Taking the ash phase chemistry into account leads to a simple method to estimate the high temperature K release, on the basis of the experimental data from the controlled release experiment and subsequent elemental analysis:
where n Cl 500 is the molar quantity of Cl available at 500°C and n K is the initial molar quantity of K. The application of eq 5 to the ash analysis results from the experimental series is shown in Figure 21 depicting the K release profile under combustion conditions, as well as the predicted high temperature K release with and without an initial low temperature release of Cl, K max and K min , respectively. When correcting for the initial release of Cl, n Cl 500 , one finds a good correspondence between the predicted high temperature K release, K min , and the release profile achieved by the controlled release experiments.
Chlorine Release. As explained in the preceding section, the K and Cl releases during thermal treatment of biomass fuels are closely related. Cl is thought to be the main facilitator for K release; thus, predicting the Cl release is essential to estimate the high temperature K release (cf. eq 5). a q is the molar ratio of cation and anion forming elements: q = (K + Na + 2(Ca + Mg))/(2S + Cl + 1.5P). Energy & Fuels
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The Cl release profiles suggest a two step release mechanism: low and high temperature releases, respectively. The low temperature release begins at temperatures below 500°C and accounts for approximately 40À50 wt % of the feedstock Cl content during both pyrolysis and combustion. The relevant temperature range for the low temperature release does not fit with the evaporation of any of the Cl-containing compounds (mainly KCl) predicted by the thermodynamic equilibrium calculations. Hence, the initial Cl release is thought to be governed by ion-exchange mechanisms, such as the interaction of KCl and carboxylic groups in the organic matrix, forming gaseous HCl and an alkaline carboxylate, following reaction 6:
Alternatively, at more elevated temperatures, by the incorporation of alkali metals to the silicate phase under the subsequent release of HCl given in reaction 7:
Through reaction 6, it is clear how only a finite quantity of Cl may be released, limited by the number of available functional groups. Assuming that all chloride precipitates as KCl upon drying, the average low temperature release of Cl may be estimated from the controlled release experiments. Analytical proof for the assumed predominant association between K and Cl after a completed drying process has, to the authors' knowledge, not been reported in the literature. However, ionic associations are indicated by the leaching experiment, removing more than 95% of both K and Cl.
An average low-temperature (e700°C) Cl release during both pyrolysis and combustion of 94 ( 8.8 μmol g fuel À1 (dry basis) has been observed during the controlled release experiments. Hence, the extent of reaction 6 may be estimated, assuming that the fuel samples used for the controlled release experiments are representative. It should be noticed that the value is highly fuel specific. However, the initial concentration of Cl in the fuel has been shown to be highly sensitive to both use of fertilizer 44, 48 and natural leaching on the field before collection. 31,44,49,50 Hence, it is not possible to quantify the fraction of Cl available for reaction through reaction 6 on a percentage basis of the initial Cl.
All relevant metal chlorides in the system are highly volatile, which is why high temperature treatment of biomass presumably will cause complete dechlorination. The rate at which Cl leaves the fuel may be estimated from evaporation models of primarily KCl 1 combined with suitable diffusional models. However, as combustion normally takes place at temperatures significantly exceeding 700À800°C, such models are commonly considered redundant.
Sulfur Release. The differences in release characteristics of S, illustrated in Figure 8 , can be attributed to the two types of S associations in the biomass fuel. The constant level of ∼60% of released S observed during the pyrolysis is consistent with the release of organically bound S. In this way, the initial S release is expected to begin as the organic structure starts to decompose. The fact that further S release is independent of temperature indicates that the high temperature release is chemically restricted rather than mass transfer limited. Such a chemical constraint corresponds well to the expected approximate 50/50 distribution between organically and inorganically associated S. Hence, the initial low temperature S release may be estimated by chemical fractionation, determining the ratio between organically associated S and S in solution.
The high temperature S release during the char burnout phase (combustion conditions) is thought to be caused by the evaporation or dissociation of alkali sulfates or sulfate decomposition to SO 2 as alkali species are incorporated into the silicate ash phase. However, the absolute amount of S compared to that of alkali species in the corn stover (cf. Table 1) is too low to yield conclusive tendencies in the alkali release profiles. Hence, it can only be assumed that S is released, to some extent accompanied by alkali metals, and, therefore, possibly contributes, however insignificantly, to the high temperature alkali release occurring after complete dechlorination (cf. Figure 6 ).
Knudsen et al. 16 found a good correlation between the high temperature relative S release and the combustion temperature. By linear regression, he derived a correlation equation averaged across the release data from three Si-rich fuels: barley, rice, and wheat.
Fitting a linear expression to the obtained release data yields a regression equation for the high temperature S release from corn stover:
For corn stover, the fit only yields a coefficient of determination of R 2 = 0.80, compared to a R 2 = 0.96 found by Knudsen, 1 and it is doubtful whether this method of prediction is applicable for the corn stover fuel.
' CONCLUSION
The release patterns of key inorganic species (K, Cl, and S) have been determined by means of char and ash analysis of corn stover fuel undergoing thermal treatment (500À1150°C) under pyrolysis and combustion conditions, respectively.
Close correlation has been found between the release of K and Cl. The final high temperature K release seems to be limited by the quantity of available Cl. A significant low temperature Cl release further limits the availability for Cl facilitated K release at elevated temperatures. The ash phase has proven efficient in retaining K not released as KCl.
S is released through a two step release mechanism related to the organic and inorganic fraction of S, respectively. Organic S is released at low temperatures regardless of combustion stage, while inorganic S is only observed to leave at elevated temperatures under combustion conditions. 
